S-adenosylmethionine (AdoMet) is synthesized by methionine adenosyltransferase (MAT), and plays an essential role in ethylene biosynthesis and other methylation reactions. Despite increasing knowledge of MAT regulation at transcriptional levels, how MAT is post-translationally regulated remains unknown in plant cells. Phosphorylation is an important post-translational modification for regulating the activity of enzymes, protein function and signaling transduction. Using molecular and biochemical approaches, we have identified the phosphorylation of MAT proteins by calcium-dependent protein kinase (CPK28). Phenotypically, both MAT2-overexpressing transgenic plants and cpk28 mutants display short hypocotyls and ectopic lignifications. Their shortened hypocotyl phenotypes are caused by ethylene overproduction and rescued by ethylene biosynthesis inhibitor aminoethoxyvinylglycine treatment. Genetic evidence reveals that MAT2 mutation restores the phenotype of ectopic lignification in CPK28-deficient plants. We find that total MAT proteins and AdoMet are increased in cpk28 mutants, but decreased in CPK28-overexpressing seedlings. We also find that MATs in OE::CPK28 are degraded through the 26S proteasome pathway. Our work suggests that CPK28 targets MATs (MAT1, MAT2 and MAT3) for degradation by the 26S proteasome pathway, and thus affects ethylene biosynthesis and lignin deposition in Arabidopsis.
INTRODUCTION
S-adenosylmethionine (AdoMet) is an almost universal methyl group donor in secondary metabolism. Methyl groups are transferred from AdoMet to acceptor macromolecules such as DNA, RNA, proteins and lipids in multiple transmethylation reactions (Kobayashi et al., 1990; Ying et al., 1999; Obeid and Herrmann, 2009; Yan et al., 2010) . In plant cells, AdoMet also functions as the precursor for the synthesis of the plant hormone ethylene (Yang and Hoffman, 1984; Burstenbinder et al., 2007) . In addition, the synthesis of two lignin monors, coniferyl and sinapyl alcohols, requires AdoMet-dependent transmethylation through caffeoyl CoA 3-O-methyltransferase and caffeic acid 3-O-methyltransferase (Kota et al., 2004; Roje, 2006) . The synthesis of AdoMet is solely catalyzed by methionine adenosyltransferase (abbreviated MAT or SAM; E.C.2.5.1.6) from methionine and ATP (Takusagawa et al., 1996) . Genes encoding MAT enzymes constitute a small, conserved gene family whose function has been well studied in Escherichia coli (Markham et al., 1980) , Saccharomyces cerevisiae (Thomas and Surdinkerjan, 1987; Thomas et al., 1988) , Trypanosoma brucei (Yarlett et al., 1993) , Arabidopsis thaliana (Peleman et al., 1989a,b; Mao et al., 2015; Chen et al., 2016) , Solanumly copersicon (Espartero et al., 1994) , Oryza sativa (Li et al., 2011) and Homo sapiens (Ramani et al., 2015) . Comparison of 292 MAT amino acid sequences from various species reveals approximately 30% sequence identity among MAT proteins (Sanchez-Perez et al., 2004) , which contains the methionine binding site in the N-terminal domain, the ATP binding motif in the C-terminal domain, and the central domain (Markham and Pajares, 2009 ). This suggests that the sequence of MAT is conserved during evolution.
MAT expression was enriched in vascular tissues, sclerenchyma and root cortex of Arabidopsis (Peleman et al., 1989a) , and a single recessive mutation in SAMs3 (MAT4) led to reduced lignin content in the mto3 (sams3) mutant (Shen et al., 2002) . This indicates that MAT contributes to lignification in stem tissues. Mounting evidence has shown that MAT expression is regulated at the transcriptional level. To meet the demand for AdoMet, expression of MAT genes is quickly upregulated or downregulated in response to phytohormones, biotic and abiotic stress. For example, gibberellic acid (GA) reduced MAT expression in pea ovaries after anthesis, but induced expression in dwarf pea epicotyls (Mathur et al., 1993) ; both auxin and abscisic acid (ABA) increased MAT expression in Solanum brevidens leaves (Kim et al., 2015) . Additionally, expression of MAT genes was increased for pathogen defense upon exposure to a fungal elicitor (Kawalleck et al., 1992) . Moreover, cold stress enhanced expression of MATs in O. sativa, A. thaliana and Zea mays (Cui et al., 2005; Amme et al., 2006; Yang et al., 2006; Uvackova et al., 2012) , and salt-stressinduced transcripts of MATs in Lycopersicon esculentum, Atriplex nummularia L., Nicotiana benthamiana and Celtis bungeana (Sanchez-Aguayo et al., 2004; Tabuchi et al., 2005; Qi et al., 2010; Ding et al., 2015a) .
Besides transcriptional regulation, MAT protein undergoes diverse post-translational changes such as ubiquitination and phosphorylation. In O. sativa, the F-box protein containing a Kelch repeat motif 12 (FBK12) E3 ubiquitin ligase targeted MAT2 for degradation, altering ethylene levels, and affecting seed germination and leaf senescence . In human hepatic stellate cells (HSCs), phosphorylation of MAT by mitogen-activated protein kinase (MAPK) family members was required for HSC trans-differentiation (Ramani et al., 2015) . In Arabidopsis, however, the molecular mechanisms of post-translational regulation of MAT are still elusive.
Calcium-dependent protein kinases (CDPKs) play important roles in post-translational regulation of their substrates. CDPKs consist of a variable N-terminal domain, a Ser/Thr kinase domain and a CDPK activation domain (CAD; Cheng et al., 2002; Harper et al., 2004; Harper and Harmon, 2005; Ludwig et al., 2005; Boudsocq and Sheen, 2013; Liese and Romeis, 2013) . They are activated upon binding Ca 2+ to CAD, which induces conformational changes and the kinase activity, leading to CDPK autophosphorylation as well as the phosphorylation of targeted substrates (Liese and Romeis, 2013; Schulz et al., 2013 et al., 2007) , (ii) In immune responses, genomic evidence showed that four CDPKs (CPK4, CPK5, CPK6 and CPK11) functioned in the plant innate immune response, and CDPK activities were the convergence point of signaling triggered by most microbe-associated molecular patterns (Boudsocq et al., 2010) ; CPK5 was further shown to phosphorylate RESPIRATORY BURST OXIDASE HOMOLOG D (RBOHD), facilitating rapid defense signal propagation (Dubiella et al., 2013) , (iii) In development processes, CPK11 phosphorylates CPK24 and they work together as a kinase cascade to negatively regulate pollen tube growth (Zhao et al., 2013) ; ABA-activated CPK4 and CPK11 phosphorylated the rate-limiting enzyme 1-aminocyclopropane-1-carboxylasesynthase 6 (ACS6) in vitro and triggered ethylene overproduction, causing a shorter primary root phenotype (Luo et al., 2014) . Notably, one of the calcium-dependent protein kinases, AtCPK28, has recently been identified to play a triple role. First, CPK28 lowered BOTRYTIS-INDUCED KINASE1 (BIK1)-mediated immune responses by phosphorylating and destabilizing BIK1 in seedlings (Monaghan et al., 2014 (Monaghan et al., , 2015 . Second, CPK28 regulated secondary growth by the balance of jasmonic acid (JA) and GA in its generative phase; cpk28 mutants exhibited growth reduction and ectopic lignifications in stems, following with enhanced expression levels of JA marker genes and reduced expression of a key regulator of GA homeostasis (Matschi et al., 2013 . Third, Gao et al. (2014) found CPK28 functioned in response to osmotic stress, and CPK28-overexpressing lines presented stronger tolerance to salt and mannitol stress.
In this work, we have deciphered post-translational mechanisms of MAT proteins in Arabidopsis. We have observed that both MAT2-OE transgenic plants and previously described cpk28 mutants present hypocotyl shortening in seedlings and ectopic lignification in stems. Molecular and biochemical data have identified that CPK28 interacts with and phosphorylates three MAT proteins (MAT1, MAT2 and MAT3), and that CPK28 is required for MATs degradation through ubiquitin/26S proteasome pathway. Our data reveal that phosphorylation of MATs destabilizes them in Arabidopsis thereby affecting ethylene biosynthesis and lignin deposition.
RESULTS

CPK28 interacts with MATs
To search for proteins that interact specifically with AtMAT, we expressed a MAT2-GST fusion protein in E. coli and used glutathione sepharose to pull-down MAT2-interacting proteins from an Arabidopsis protein extract ( Figure S1 ). In every case, a band in the null-GST lane was taken as a control. Only proteins that appeared in the MAT2-GST but not in the null-GST lanes were considered to be specific MAT2 interactors and analyzed by mass spectrometry (MS ;  Table S1 ). Interestingly, MS data identified an interaction of MAT2 with the calcium-dependent protein kinase 28 (CPK28 ; Table S1 ). This observation prompted us to test interactions between native MATs and CPK28 in planta. We used 35S:CPK28-Myc transgenic plants (OE1::CPK28; Gao et al., 2014; Figure S2b ) to perform co-immunoprecipitation (co-IP) assays. Anti-Myc immunoprecipitated fractions were probed with an anti-MAT antibody that recognized all four MAT proteins in Arabidopsis ( Figure S2c ). MAT proteins were identified to co-precipitate with the CPK28-Myc protein, showing that native MATs interacted with CPK28 in vivo (Figure 1a ). To further confirm the physical interaction between MATs and CPK28, MAT2 and its homologs MAT1 and MAT3 were screened for the interaction with CPK28 in yeast two-hybrid assays. Consistent with pulldown and co-IP results, yeast-two hybrid assay suggested that all three MAT (MAT1, MAT2 and MAT3) baits interacted with the CPK28 prey (Figure 1b and c).
CPK28 phosphorylates MATs
Based on the kinase activity of CPK28 and predicted phosphorylation sites in each MAT protein ( Figure S3 ), we asked whether MATs were phosphorylated by CPK28 using the Phos-tag/SDS gel electrophoresis. Phos-tag is a dinuclear metal complex that can delay the migration of phosphorylated proteins in sodium dodecyl sulfate (SDS)-polyacrylamide gels. In Phos-tag SDS-polyacrylamide gel electrophoresis (PAGE), a clear mobility shift of MATs band was observed in the protein extracts from the wildtype (WT) plants (Figure 2a ). When protein extracts were incubated with calf intestinal alkaline phosphatase (CIAP), the slower-migrating MAT band disappeared, confirming that phosphorylation caused the mobility shift (Figure 2a) . Interestingly, when the Phos-tag SDS-PAGE assay was performed using OE1::CPK28 and cpk28 mutants (Matschi et al., 2013; Monaghan et al., 2014) , the slower-migrating MAT protein band was enhanced and reduced, respectively (Figure 2b and c), suggesting that CPK28 activated the phosphorylation of MATs. However, the phosphorylated MAT bands did not disappear in cpk28 mutants (Figure 2c ), indicating that other kinases contribute to the phosphorylation of MATs as well. We further expressed the CPK28-His and MAT1/2/3-GST proteins in E. coli, and purified these proteins for in vitro kinase assays. CPK28 treatment in vitro partially moved MAT1/2/3 bands upward; these bands were further abolished by CIAP treatment (Figures 2d and  S4 ). These results suggest that CPK28 directly phosphorylates MAT proteins.
CPK28 targets MATs for degradation through the 26s proteasome pathway
To further investigate the effect of CPK28 on MAT proteins in planta, the abundance of MAT proteins was assayed in cpk28 mutants, as well as in OE::CPK28. Compared with WT, silencing CPK28 enhanced the total MATs by~73% (Figures 2c and 3a) , and overexpressing CPK28 lowered the total MATs by~55% (Figure 3a) . In addition, OE::CPK28 lines showed reduced AdoMet production ( Figure 3b) ; cpk28 mutants, as well as MAT2-OE plants, overproduced AdoMet (Figure 3b ), suggesting that CPK28 negatively regulates MAT accumulation and AdoMet production. It is worth noting that whereas OE::CPK28 displayed more phosphorylated MAT abundance (~172%) than unphosphorylated MAT (phosphorylated MAT in WT set as 100%; Figure 2b) , the increased phosphorylated MAT form (~72%) was not equal to but less than the reduced unphosphorylated MAT (~130%). It is therefore plausible to speculate that the lost MAT proteins (~58%) may end up mild degradation.
To determine whether CPK28 activity influences the transcript levels of each MAT, mRNA levels of each MAT in WT, cpk28 or OE::CPK28 plants were determined by realtime-quantitative polymerase chain reaction (RT-qPCR); transcript abundance did not vary significantly among these different lines ( Figure S5 ). Collectively, these data suggest that CPK28 post-translationally (but not transcriptionally) regulates MAT protein.
The degradation of many proteins is largely mediated by the ubiquitin/26S proteasome pathway (Moon et al., 2004) . Using ubiquitin predictor UbPred, we predicted one-four ubiquitination sites in each MAT protein (Figure S3) . This prompted us to test whether MAT proteins were degraded through ubiquitin/26S proteasome pathway using proteasome inhibitor MG132 for 4 h and 8 h, respectively. Indeed, we found total MAT protein levels in WT plants were gradually increased in a time-dependent manner (Figure 3c ), suggesting that ubiquitin/26S proteasome pathway is involved in the degradation of MATs. Similarly, addition of MG132 suppressed the degradation of total MATs level in OE1::CPK28 (Figure 3d ), suggesting that ubiquitin/26S proteasome pathway is involved in the degradation of MATs. Further, our MS data also identified three ubiquitin proteins as the binding partners of MAT2 protein (Table S1 ), supporting proteasomal degradation of MATs.
MAT2 overexpression and cpk28 loss of function confer ethylene overproduction
MAT-catalyzed AdoMet is the precursor of ethylene biosynthesis (Yang and Hoffman, 1984; Burstenbinder et al., 2007) , and MAT1 transgenic plant causes ethylene overproduction (Mao et al., 2015) . We also found ethylene overproduction caused a short hypocotyl phenotype in etiolated seedlings of MAT2-OE (~55% of the control) and cpk28 mutants (~72% of the control; Figure 4a -c). Furthermore, the shortened hypocotyl phenotype was partially (MAT2-OE overexpression lines) or completely (cpk28 mutants) rescued by ethylene biosynthesis inhibitor aminoethoxyvinylglycine (AVG) treatment (Figures 4b and c, and S6) . Ethylene inhibits root growth mainly by affecting cell elongation but not root meristem activities (Ruzicka et al., 2007) . Our studies also found that MAT2-OE plants had slower primary root growth in the light ( Figure S7a ). Propidium iodide staining indicated that the short root phenotype of MAT2-OE plants derived from defects in cell elongation, rather than reduced cell division ( Figure S7b ).
MAT2 overexpression produces a phenocopy of cpk28 mutant in lignin deposition MAT2-OE and cpk28 shared additional phenotypic traits, such as smaller rosette diameter and stunted shoot growth in the developmental stage (Figure 5a-d) . AdoMet is not only the precursor for the synthesis of ethylene, but is also involved in several reactions for lignin monomer biosynthesis (Ye et al., 2001; Kota et al., 2004) . We used phloroglucinol-HCl staining (Pomar et al., 2002) to assay lignin deposition in the cross-section of a stem. MAT2-OE lines exhibited ectopic lignifications in both pith and phloem cap cells (Figure 5h and i), although the overall organization of vascular bundles and interfascicular fibers was not altered, compared with WT ( Figure 5e ). These changes in lignin deposition were similar to those of cpk28 mutants (Figure 5f and g) and as reported previously (Matschi et al., 2013 . These data demonstrate opposing roles of MAT2 and CPK28 in lignin biosynthesis.
MAT function is required for ectopic lignification in cpk28 mutants
To genetically investigate the contribution of MATs to the cpk28 mutant phenotype, we obtained mat1, mat2-1 and mat2-2 knockout mutants from ABRC. All three mutants carried T-DNA insertions that blocked the detectable accumulation of the corresponding transcripts, suggesting that these were knockout alleles (b, c) Total proteins extracted from WT and CPK28-Myc (OE1::CPK28) and cpk28 mutants were subjected to SDS-PAGE on a 10% Tris-glycine gel with or without 50 lM phos-tag. Immunoblottings were probed with anti-MATs antibody to detect phosphorylated and unphosphorylated MAT proteins. Rubisco large subunit protein was stained with Coomassie Brilliant Blue (CBB) as a loading control. MATs band intensity was normalized against phosphorylated MATs of WT in phos-tag gel or total MATs of WT in non-phos-tag gel (set as 100%). Values represented the average band intensity of MATs in each line; error bars showed standard error of triplicate experiments. Asterisks indicated a statistically significant difference from WT (one-way ANOVA, Tukey's test; P < 0.05). Stars showed phosphorylated MATs. (d) CPK28 phosphorylates MAT2 in vitro. Recombinant MAT2-GST protein was subjected to the in vitro kinase assay using the active CPK28-His protein and was identified by immunoblotting using anti-GST antibody in the presence or absence of Phos-tag. The phosphatase treatment of phosphorylated MAT2 protein was performed by 30 U CIAP per reaction. A star showed the phosphorylated MAT2 variant. CBB-stained recombinant proteins of MAT2-GST and CPK28-His were indicated with arrows under the non-phos-tag SDS-PAGE gel (bottom panel). Results represented three kinase assays.
( Figure S8a -c). Although these mutants showed no obvious growth differences relative to WT grown in potting mix, hypocotyls of mat2-1 and mat2-2 were slightly insensitive to 1-aminocyclopropane-1-carboxylic acid (ACC) treatment in the dark ( Figure S8d ). We constructed mat2-1cpk28-1 double mutant, and observed that the smaller rosette diameter and ectopic lignification in phloem cap cells of cpk28-1 were reverted in mat2-1/cpk28-1 double mutant ( Figure 5b , c and k), demonstrating that MAT2 function is required for the cpk28 growth inhibition. Shorter shoot of the cpk28 parent was partially rescued relative to that of the mat2-1/cpk28 double mutant (Figure (a) MAT proteins were significantly increased in cpk28 mutants but decreased in OE1::CPK28 transgenic plants. Protein extracts from 7-day-old seedlings of wild-type (WT), cpk28 mutants or OE1::CPK28 lines were subjected to immunoblotting with anti-MATs antibody. Immunoblot analysis of Rubisco large subunit protein was included to confirm equal protein loading. MATs band intensity in cpk28 mutants and OE1::CPK28 was normalized against that in WT (the first sample; set as 100%). Error bars represented standard error of triplicate experiments. Asterisks indicated a statistically significant difference from WT (one-way ANOVA, Tukey's test; P < 0.01). (b) AdoMet was significantly increased in 7-day seedlings of both MAT2-OE lines and cpk28 mutants, but decreased in those of OE1::CPK28 lines. Values represented AdoMet contents per milligram fresh weight of each line; error bars showed standard error of three independent biological experiments. The letters a-d represented significantly different groups (one-way ANOVA, Tukey's test; P < 0.05).
(c) Four-week Arabidopsis leaves of WT were vacuum-infiltrated with 50 lM MG132 or the solvent 1% dimethylsulfoxide (DMSO; control) for 2 min, and harvested 4 h or 8 h after treatment. Total protein extracts were analyzed by immunoblotting with anti-MATs antibody and with anti-Rubisco antibody as a loading control. MATs band intensities at 4, 8 h after DMSO treatment and 0, 4, 8 h after MG132 treatment were normalized against that at 0 h after DMSO treatment (the first sample; set as 100%). Error bars represented standard error of triplicate experiments. Asterisks indicated a statistically significant difference from WT (one-way ANOVA, Tukey's test; P < 0.01).
(d) Four-week Arabidopsis leaves of WT and OE1::CPK28 lines were vacuum-infiltrated with 50 lM MG132 or the solvent 1% DMSO (control) for 2 min and harvested 8 h after treatment. Total protein extracts were analyzed by immunoblotting with anti-MATs antibody and with anti-Rubisco antibody as a loading control. MATs band intensities in WT and OE1::CPK28 after treatment were normalized against that in WT without any treatment (the first sample; set as 100%). Error bars represented standard error of triplicate experiments. Asterisks indicated a statistically significant difference from WT (one-way ANOVA, Tukey's test; P < 0.01).
DISCUSSION
S-adenosylmethionine is solely synthesized by MAT, and MAT activity must undergo a fine-tuned and efficient regulation to meet the demand for AdoMet in various methylation reactions. In this work, we propose a model that CPK28 phosphorylates MATs (MAT1, MAT2, MAT3) and promotes their degradation through the ubiquitin/26S proteasome pathway. Blocking CPK28 activity lowers the phosphorylation and stability of MAT proteins and enhances total MATs abundance and AdoMet production, without influencing their mRNA levels, thus affecting ethylene biosynthesis in seedlings and lignin depositions in stems ( Figure 6 ). Ramani et al. (2015) have reported that in HSCs, three MAPK family members phosphorylate MATa2 and MAT2b proteins. Here we decipher that in Arabidopsis, three AtMAT proteins are phosphorylated by CPK28. This is consistent with the phosphorylation of BIK1 by CPK28, which favors BIK1 turnover and attenuates pathogen-associated molecular pattern-triggered immune responses (Monaghan et al., 2014 (Monaghan et al., , 2015 . Because the effect of CPK28 on BIK1 phosphorylation is essential for plant immune responses, it will be of interest to investigate the role of post-translational modification of MAT in plant immunity. In animals, two studies have been reported that depletion of MAT in both mouse and Caenorhabditis elegans remarkably upregulates the expression of immune response genes (Lu et al., 2001; Ding et al., 2015b) . MAT-mediated immune response in plant is yet to be established. BIK1 is required not only in immune response, but also in ethylene-induced growth inhibition (Laluk et al., 2011; Liu et al., 2013) . In support of this, BIK1 is phosphorylated by PEPReceptors in response to ethylene and bik1 displays the insensitivity to ethylene-inhibited hypocotyl growth (Laluk et al., 2011; Liu et al., 2013) . These results are complemented by our observation that blocking CPK28 protein 
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(a, b) Rosettes (upper panel) and shoot elongation (lower panel) from 37-day-old cpk28, MAT2-OE, mat2-1 and mat2-1/cpk28-1 double mutants were compared. Each line pictured in both panels of (a) and (b) represented the same plant. Scale bar: 5 cm.
(c) Rosette diameters of 37-day-old cpk28, MAT2-OE, mat2-1 and mat2-1/cpk28-1 double mutants were measured. Values represented average lengths of rosette diameters; error bars showed standard deviation of 15-20 plants. Asterisks indicated statistically significant differences from wild-type (WT) in rosette diameter (one-way ANOVA, Tukey's test; P < 0.01).
(d) Plant heights of 37-day-old light-grown cpk28, MAT2-OE, mat2-1 and mat2-1/cpk28-1 double mutants were measured. Values represented average lengths of rosette diameters; error bars showed standard deviation of 15-20 plants. Asterisks indicated statistically significant differences from WT in plant height (oneway ANOVA, Tukey's test; P < 0.01).
(e-k) Both cpk28 mutants and MAT2-OE lines showed ectopic lignifications in stem. Cross-sections of the stems in cpk28, MAT2-OE, mat2-1 and mat2-1/cpk28-1 double mutants were made at the basal part of the inflorescence stem about 50 days after germination, and stained using Wiesner staining (1% phloroglucinol and acidified with 25% HCl). Lignifications of phloem cap cells and pith cells were indicated by red arrows and green arrows, respectively. if, interfascicular fiber; px, protoxylem; mx, metaxylem; ph, pholem. Scale bar: 100 lm.
elevates ethylene biosynthesis and shortens hypocotyl length in cpk28, indicating that CPK28 contributes to ethylene-induced seedling growth inhibition. We find that phosphorylated MAT forms are not abolished in cpk28 mutants (Figure 2c ), suggesting that MAT may be phosphorylated by other potential kinases. MAPK family members ERK1/2 have been reported to phosphorylate MAT in human cells (Ramani et al., 2015) . Unfortunately, MAPKs expand and diverge into various groups, and no ortholog of ERK1/2 is identified in Arabidopsis (Doczi et al., 2012) . Therefore, further search for potential kinases of MAT in Arabidopsis may help us understand how MAT proteins are post-translationally regulated. In human cells, Ramani et al. (2015) have shown that three phosphorylation sites of MAT have different influences on human HSC trans-differentiation. In Arabidopsis, although at least 15 putative phosphorylation sites and one biologically confirmed phosphorylation site in each MAT protein are predicted using PhosPhAt 4.0 ( Figure S3 ), potent phosphorylation sites in AtMAT need to be further studied for their effects on phosphorylation capability.
In plant kingdoms, phosphorylation regulates a wide array of metabolic processes. Our results suggest MATs phosphorylation by CPK28 may impact on MATs stability. If not, one would expect the increased abundance of phosphorylated MAT is equal to the reduced level of unphosphorylated MAT in OE::CPK28 transgenic plant. However, the ratio of them is only 72%:130% (phosphorylated MAT in WT set as 100%; Figure 2b ). It is tempting to speculate that CPK28 may partially initiate the disability of phosphorylated MAT form in a manner similar to that implicated for the regulation of ACS5 stability by casein kinase 1.8 phosphorylates (Tan and Xue, 2014; Booker and DeLong, 2015) . Additionally, as observed for tomato LeCDPK2 (Kamiyoshihara et al., 2010) and purified maize CDPKs (Hern andez Sebasti a et al., 2004;), phosphorylation of ACS2 and ACS6 by MAPK 3 and 6 together stabilizes them and overproduces ethylene (Han et al., 2010) .
The other possibility that requires attention was that we found phosphorylated MATs were not rapidly degraded in OE1::CPK28, which exhibited more abundant phosphorylated MATs form than the unphosphorylated MATs. It is possible that MATs phosphorylation by CPK28 may also affect MATs activity. Further, the altered activity could then, in turn, downregulate protein levels. Such feedback regulation is very common for protein metabolism (Dyer et al., 2001; Andre et al., 2012) . Therefore, a more detailed enzymatic assay with phosphorylated vs. non-phosphorylated forms of MATs may help precisely understand whether and how phosphorylation affects MATs activity.
Our MS data reveal that three ubiquitin proteins interact with MAT2 (Table S1) . A similar interaction is reciprocally confirmed by three previous studies that MS analyses of ubiquitin conjugates have identified two MAT proteins (MAT1 and MAT4) from A. thaliana and their homologous protein from S. cerevisiae (Peng et al., 2003; Mayor et al., 2005; Saracco et al., 2009) . Furthermore, our study using proteasome inhibitor indicates that MATs are degraded through the ubiquitin-proteasome pathway (Figure 3c and  d) . This is consistent with prior studies in O. sativa, that a subunit of E3 ligase, OsFBK12, interactes with OsMAT1 for degradation through ubiquitin/26S proteasome pathway (Kim et al., 2015) or AtMAT1 increases ethylene production (Mao et al., 2015) . Our study also finds that MAT2 overexpression lines shows overproduced ethylene and reduced dark-grown hypocotyls and light-grown roots elongation (Figures 4 and S7a) . However, the hypocotyl lengths of MAT2-OE lines are not totally recovered as that of WT after AVG treatment (Figure 4b and c) , suggesting that other MAT-regulated pathways may be affected in MAT2-OE seedlings. In fact, MATs function not only in ethylene biosynthesis, but also in supplying AdoMet for many methylation reactions (Kobayashi et al., 1990; Ying et al., 1999; Roje, 2006) . For example, disruption of MAT activity globally impairs histone methylation, resulting in late flowering in O. sativa (Li et al., 2011) , slow pollen tube growth in A. thaliana (Chen et al., 2016) , gene array detachment in C. elegans (Towbin et al., 2012) , and loss of viability in Drosophila melanogaster (Liu et al., 2016) . Therefore, further work may be of interest to test whether histone methylation is affected in mat1/2 mutant.
We observe that although smaller rosette size and ectopic lignin deposition of cpk28 are rescued in mat2-1/cpk28 double mutant (Figure 5b, c and k) , shorter shoot of cpk28 is only partially suppressed by mat2-1 in the double mutant (Figure 5b and d) . This may be explained by the functional redundancy of other MATs. It has been reported that MAT1 and MAT2 overlap in their expression pattern (Peleman et al., 1989b) , and have a similar function in ethylene biosynthesis (Mao et al., 2015) . Our study has also indicated that MAT1, MAT2 and MAT3 share high sequence similarity (89.3-96.4% sequence identity; Figure S3 ), and all are phosphorylated by CPK28 in vitro (Figures 2c and S4 ). Therefore, a higher order mutant may be generated to investigate the role of MAT in plant growth and development.
The increased ethylene levels appear to be coordinated with ectopic lignifications in planta. A correlation between ethylene overproduction and lignifications has been shown in elp1 mutant (Zhong et al., 2002) , in overexpressed YUC8 and YUC9 plants (Hentrich et al., 2013) and in fei1fei2 double mutants (Xu et al., 2008) , individually. Likewise, we observe that MAT2-OE lines produce more ethylene in seedlings and deposit aberrant lignin in stems (Figures 4a  and 5e ). However, MAT-catalyzed AdoMet only acts as a methyl donor involved in few reactions for the synthesis of lignin monors; simply increasing the intracellular supply of AdoMet to a modest degree is insufficient to drive the long and complex lignin biosynthetic pathway. Previous studies have shown that transcriptional regulation is a major mechanism controlling the expression of lignin-biosynthesis-related genes, and the phenotypic screen of 43 transcription factor mutants reveals six mutant lines exhibiting hyperlignified or hypolignified secondary cell wall patterns (Cassan-Wang et al., 2013) . Our observation of ectopic lignification in MAT2-OE lines can be explained as follows. First, it has been reported that MAT proteins locate not only in the cytoplasm, but also in the nucleus (Li et al., 2011; Mao et al., 2015; Chen et al., 2016) . MATs solely offer nuclear AdoMet to regulate DNA, RNA or histone methylation (Kobayashi et al., 1990; Yan et al., 2010; Li et al., 2011; Chen et al., 2016; Liu et al., 2016) , which may transcriptionally regulate a series of genes expression. Second, Katoh et al. (2011) have demonstrated that the transcription factor MafK recruites MAT proteins in the nucleus of mammalian cells to regulate downstream gene expression. Based on the high conserved domains of MAT between plant and mammalian cells (Sanchez-Perez et al., 2004) , we believe in the plant kingdom, the refined nuclear localization of MAT may indicate that MAT, as a cofactor, is recruited to certain transcription factors to affect secondary wall biosynthesis.
EXPERIMENTAL PROCEDURES Bioinformatic analysis
Amino acid sequences of MAT proteins were aligned by BLAST software at the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast). Nuclear export signals were predicted by the NetNES 1.1 Server (http://www.cbs.dtu.dk/services/NetNES/; Cour et al., 2004) . Search for the phosphorylation sites of MAT proteins was performed by the PhosPhAt 4.0 server (http://phosphat.mpimpgolm.mpg.de/inde x.html) from databases (Heazlewood et al., 2008; Durek et al., 2010; Zulawski et al., 2013) . Ubiquitin sites of MATs were predicted by UbPred (www.ubpred.org), in which lysine residues with a score of ≥0.62 were considered to be ubiquitinated.
confirmed by PCR in the F2 generation (for primers, see Table S1 ). Arabidopsis plants were grown in a growth chamber with a 16-h photoperiod at a photo flux density of approximately 200 lmol m À2 sec À1 at 22°C during the day and 20°C at night. For seedling treatments, all seeds were surface-sterilized and placed on MS medium plates, supplemented with or without 1 lM ACC or 1 lM AVG at 4°C for 3 days prior to germination. Then, plates were placed in a vertical orientation in a growth room (22°C with either a 16-h light/8-h dark or a total dark treatment). For each growth condition, root and hypocotyl lengths of at least 60 seedlings were measured.
Generation of transgenic plants
To generate MAT2 overexpression lines, pGWB5-MATs-GFP constructs were made using the Gateway system with specific primers (Table S1 ) under the control of the cauliflower mosaic virus (CaMV) 35S promoter. Then the constructs in Agrobacterium (GV3101) were used for stable transformation of Col-0 by the floral dip method (Clough and Bent, 1998) . Homozygous T3 transgenic lines were used for further analysis.
Statistical analysis of hypocotyl measurements
Root, hypocotyl and cell lengths of different lines were measured with ImageJ software (http://rsb.info.nih.gov/ij/). For comparisons, data were subjected to statistical analysis using one-way ANOVA with Tukey's test. A value of P < 0.05 was considered significant.
Gene expression analysis by RT-qPCR
Total RNA was extracted from 7-day Arabidopsis seedlings using a RNA Easy Plant Mini Kit (Qiagen, Valencia, CA, USA). RNA integrity was verified using 1.0% agarose gel with ethidium bromide staining. DNA impurities in the isolated RNA were digested before cDNA synthesis by adding DNase I (Invitrogen, Carlsbad, CA, USA) and incubated for 30 min at 37°C. RNA (2 lg) was transcribed to cDNA with oligo (dT) primers using a SuperScript FirstStrand Synthesis System (Invitrogen). For real-time PCR analysis, the resulting cDNA was diluted fivefold and used as a template. Each 20 ll reaction mixture contained 10 ll iQ SYBR Green Supermix (BioRad, Hercules, CA, USA), 2 ll cDNA template and 0.5 lM of each gene-specific primer. The RT-qPCR was run on an iCycler (Bio-Rad) with an initial denaturation at 94°C for 10 min, followed by 40 cycles at 94°C for 30 sec, 58°C for 40 sec and 72°C for 30 sec. Primer efficiencies were evaluated on a standard curve generated using a 10-fold dilution series of the sample over four dilution points. Data were normalized to the amplification of the Arabidopsis ACTIN2 gene. The mRNA levels for each cDNA probe were normalized with respect to the ACTIN2 level. Fold induction values were calculated with the DDCT equation. The primer pairs used for the analyses were given in Table S2 . All the primers were specific and had no extra products in the melting curve.
Yeast two-hybrid assay
Yeast two-hybrid analysis was performed according to the Yeastmaker ™ Yeast Transformation System 2 from Clontech according to the manufacturer's instructions. The coding regions of MAT1, MAT2, MAT3 and CPK28 were cloned into the vectors pGADT7 and pGBKT7 (Clontech, Palo Alto, CA, USA), individually. Plasmids of each pair were co-transformed into the yeast strain Y2HGold. Transformants were selected on synthetic drop-out medium lacking Trp and Leu (SD-Trp-Leu), while the selection of interactions was conducted on SD medium lacking His, Trp and Leu (SD-HisTrp-Leu), but supplemented with 5 mM 3-amino-1,2,4-triazole (3-AT) and 100 ng ml À1 aureobasidin A (AbA). The experiments were independently performed at least twice with similar results.
Transient expression of MATs in Arabidopsis cells
Constructs of MAT1/2/3/4 were cloned into the pBI221 vector with the GFP tag at the C-terminus using the specific restriction cutting sites BamHI and KpnI to generate the MAT-GFP constructs under the cauliflower mosaic virus 35S promoter. Procedures for maintaining Arabidopsis suspension cultured cells and transient expression using Arabidopsis protoplasts were done according to the previously established protocol (Miao and Jiang, 2007) .
Immunoblotting
Seven-day seedlings were ground to a fine powder in liquid nitrogen and extracted with 29 SDS sample buffer (125 mM Tris-HCl, 4% SDS, 20% glycerol, 2% 2-mercaptoethanol, pH 6.8). After boiling for 5 min, extracts were centrifuged at 16 000 g for 15 min at 4°C and proteins of supernatants were quantified by the Bradford method. Protein samples were separated by 10% SDS-PAGE, and Tris-glycine gel was transferred to a hydrophobic polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA, UK Cat. No. HVLP01300). Detection of proteins was performed using anti-a-GFP monoclonal antibody (Clontech, Lot No. 632375 (Santa Cruz, sc-2004) . For anti-MAT antibody, a synthetic MAT2 peptide, TEVRKNGTCRWLRPDGKTQVC, was used as antigen to immunize rat for generating specific MAT antibody as described previously (Rogers et al., 1997; Tse et al., 2004; Lam et al., 2007) . Chemiluminescent detection was performed using Luminata Forte Western HRP Substrate (Millipore, Cat. No. WBLUF 0500). Loading control was indicated using rubisco large subunit protein stained by the Coomassie Brilliant Blue (CBB) or detected by immunoblotting. Each experiment was repeated at least three times. Relative band intensities were then calculated for each immunoblot panel by Image J.
Immunoprecipitation
Wild-type and CPK28-Myc (OE1::CPK28) transgenic plants were grown in the light for 7 days on MS plates. Seedlings were then harvested and ground in liquid nitrogen, thawed in ice-cold 19 phosphate-buffered saline (PBS) buffer containing the EDTA-free protease inhibitor cocktail (Roche, Mannheim, Germany 11836170001). Extractions were clarified by centrifugation at 12 000 rpm for 30 min at 4°C, and the protein concentration of the supernatant was adjusted to 1.5 mg ml À1 . For each precipitation, 500 lg of protein extract was incubated with 200 ll anti-Myc magnetic beads suspension (Clontech, Cat. No. 635699) for 4 h at 4°C in a top-to-end rotator. After incubation, the beads were washed four times with ice-cold washing buffer (Clontech, Cat. No. 635696) and then eluted by boiling in 29 SDS sample buffer. Samples were separated by SDS-PAGE and analyzed by immunoblotting with anti-Myc or anti-MAT antibodies as described above.
Phos-tag assay, proteaseome inhibition assay and CIAP treatment
To detect phosphorylated proteins via PAGE, 10% polyacrylamide gels containing 50 lM phosÀtag acrylamide (Wako Chemicals, Osaka, Japan) and 50 lM MnCl 2 were used. After electrophoresis, phosÀtag acrylamide gels were washed with transfer buffer containing 0.01% SDS and 1 mM EDTA for 10 min, and gently shaken, then repeated three times. After that, a new transfer buffer containing 0.01% SDS without EDTA was replaced for 10 min according to the manufacturer's protocol. Proteins were transferred to PVDF membranes and analyzed by conventional immunoblotting.
For proteasome inhibition assay, leaves of approximately the same size from 4-week Arabidopsis and in good condition were vacuum-infiltrated with 0.5 ml of 50 lM MG132 (Sigma-Aldrich, St-Quentin, France) or 1% dimethylsulfoxide (DMSO; control) for 2 min, and harvested 4 and 8 h after treatment, respectively. Harvested samples were ground in liquid nitrogen using a pre-cooled mortar and pestle. Then protein was extracted with 29 SDS sample buffer, quantified to the same concentration, boiled and analyzed by immunoblotting with anti-MAT antibody as described above.
For CIAP treatment, total proteins from 7-day seedlings of the WT or recombinant proteins were extracted and incubated with CIAP (Takara, Dalian, China 2250B) for 1 h at 37°C, and then subjected to standard PAGE or phosÀtag PAGE containing 50 lM phosÀtag acrylamide (Wako, 300-93523) and 50 lM MnCl 2 , and then immunoblotted.
Constructs and recombinant proteins
To prepare recombinant CPK28 and MATs, the full-length coding sequences of CPK28 and MATs were amplified and inserted into the sites between XhoI and BamHI of pET-30a vector and pGEX-6T-1 vector, respectively. The primer pairs of CPK28 and MATs are listed in Table S2 . Constructs were transferred into the E. coli BL21 for protein expression. Briefly, 100 ml of overnight culture was diluted 1:10 in a final volume of 1 L fresh LB/ ampicillin medium (MAT2-GST) or LB/kanamycin (CPK28-His) and incubated for 1 h at 37°C with shaking; 0.1 mM isopropyl-1-thio-â-D-galactoside (final) was added, and the mixture was incubated further for 7 h at 37°C with shaking. Bacteria were centrifuged at 6000 g for 5 min at 4°C. Pellets were lysed in 10 ml of ice-cold PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.3) for MAT2-GST, or lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0) for CPK28-His plus protease inhibitors (Protease inhibitor tablets, EDTA free, Roche). After 30 min on ice, cells were sonicated and centrifuged at maximum speed for 15 min at 4°C. The supernatant was incubated with 1 ml of 50% v/v Glutathione Sepharose (GE Healthcare, Cat. No. 17-0756-01) for MAT2-GST, or with 0.8 ml Ni-NTA (QIAGEN, Cat. No. 30210) agarose for CPK28-His protein for 4 h at 4°C with gentle rocking. The beads were washed four times with 10 volumes of PBS for MAT2-GST, or wash buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole, pH 8.0) for CPK28-His protein. The fusion protein was eluted with 3 volumes of elution buffer (10 mM reduced glutathione, 50 mM Tris-HCl, pH 8.0) for MAT2-GST, or elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole, pH 8.0) for CPK28-His protein purification. Purified proteins were quantified and then stored at À80°C.
In vitro kinase assay
For in vitro kinase assay, a total of 1 lg of CPK28 protein and 1 lg of substrate protein were incubated together in a buffer containing 50 mM Tris-HCl (pH 7.5), 25 mM MgCl 2 , 5 mM dithiothreitol (DTT), 10 mM ATP followed by incubation for 30 min with gentle shaking at 28°C. The phosphorylated proteins were separated and visualized by phosÀtag assay.
GST affinity pull-down assays
Five micrograms of purified MAT2-GST or GST-null recombinant protein was immobilized on glutathione sepharose ™ 4B beads (GE Healthcare, Cat. No. 17-0756-01) and incubated with 10 mg total protein extracts from 4-week-old Arabidopsis leaves, with gentle rocking, for 4 h at 4°C. GST-null protein was used as a negative control. After incubation, the MAT2-GST or GST-null protein complexes were extensively washed four times with 1 ml of washing buffer. The bound proteins and beads were added directly into 29 SDS sample buffer, and then boiled for 5 min for separation by SDS-PAGE. After SDS-PAGE, the gels were stained with CBB G-250 for 1 h and destained in a buffer (40% methanol and 7.5% glacial acetic acid) for 2 h. After CBB staining, the whole slab gel was sliced evenly into five strips and further diced into 1 9 1.5 9 1.5 mm 3 cubes. Those bands in the same location of the negative control lane were excised and processed in parallel. Only proteins that appeared in the MAT2-GST but not in the null-GST lanes were considered to be specific MAT2 interaction partners. Three independent pull-down assays were performed with similar results. The gel cubes were washed several times with 50% MeOH/50 mM NH 4 HCO 3 to remove residual CBB dye, dehydrated by 100% acetonitrile (ACN), and flushed with compressed air for total dryness. Finally, the cubes were incubated using 10 mM DTT/50 mM NH 4 HCO 3 solution for 30 min at 56°C, and dehydrated with 100% ACN. For digestion of protein samples, gel pieces were rehydrated with 40 ng L À1 trypsin in 50 mM NH 4 HCO 3 on ice for 0.5 h, and then incubated overnight at 37°C. The digested peptides were extracted by 5% formic acid in 66.7% ACN. The peptide mixture was evaporated to remove ACN and vacuum-dried to obtain a completely dry powder.
Protein identification by MS
For MS analysis and database searching, liquid chromatography (LC)-MS/MS detection was carried out on a hybrid quadruple-TOF LC/MS/MS mass spectrometer (Triple TOF 5600+, AB Sciex) equipped with a nanospray source. Peptides were first loaded onto a C18 trap column (5 lm, 5 9 0.3 mm; Agilent Technologies, Santa Clara, CA, USA) and then eluted into a C18 analytical column (75 lm 9 150 mm, 3 lm particle size, 100 A pore size; Eksigent). Mobile phase A (3% DMSO, 97% H 2 O, 0.1% formic acid) and mobile phase B (3% DMSO, 97% ACN, 0.1% formic acid) were used to establish a 30 min gradient. A constant flow rate was set at 300 nl min
À1
. MS scans were conducted from 350 to 1500 amu, with a 250 ms time span. For MS/MS analysis, each scan cycle consisted of one full-scan mass spectrum (with m/z ranging from 350 to 1500 and charge states from 2 to 5) followed by 40 MS/MS events. The threshold count was set to 120 to activate MS/MS accumulation, and former target ion exclusion was set for 18 sec. Raw data from Triple TOF 5600+ instrument were searched with ProteinPilot software against the UniProt A. thaliana reference proteome database using the following parameters: sample type, identification; cys alkylation, iodoacetamide; digestion, trypsin. Search effort was set to rapid ID. These MAT2 interaction partners were indentified in at least two pull-down experiments followed by MALDI-TOF-MS analysis. Proteins with ≥95% peptide confidence were considered identified.
Ethylene measurement
Sterilized seeds (approximately 500 per vial) were germinated and grown for 5 days in the dark at 22°C in 10-ml gas chromatography vials containing 4 ml of MS medium. To determine ethylene production from seedlings, the vials were flushed with hydrocarbonfree air to get rid of residual ethylene. After 10 h of incubation under a sealed condition, ethylene production rates were determined using a gas chromatograph (Perkin-Elmer Clarus 580 Gas Chromatograph). It was advisable to maintain the packed injector temperature at about 55°C, the oven temperature at about 85°C and the flame ionization detector at about 300°C. The carrier gas flow rate was fixed at about 30 ml min À1 for operation, and the flow rates of air and hydrogen were set at 450 ml min À1 and 45 ml min À1 , respectively. Under these conditions, the retention time for ethylene should be about 0.97 min. Normally, 1.5 ml gas from the head-space of the vials was withdrawn and injected into GC using 1 ll L À1 (1 ppm) certified ethylene as the standard. The ethylene peaks were quantified by Turbochrome Navigator software (Perkin-Elmer, Beaconsfield, Buckinghamshire, UK). Data were from three independent experiments with at least three replicates each.
Determination of AdoMet levels
The 7-day seedlings were powdered in liquid nitrogen and extracted at 4°C for 15 min with 0.5 ml of 0.1 M HCl. The plant homogenate was centrifuged twice for 10 min at 4°C and 16 400 g to remove cell debris and membranes. The resulting supernatant was then derivatized with chloroacetaldehyde at 80°C for 10 min in a total volume of 1 ml that contained 0.15 ml of sample, chloroacetaldehyde (3.6%, v/v) and citrate/phosphate buffer (0.48 M and 0.59 M, respectively, pH 4.0). Derivatized samples were immediately cooled to 4°C and centrifuged for 1 h and 16 900 g to remove particles. A 10-ll aliquot of the resulting supernatant was injected into an Agelent HPLC system using Synergi 4 lm Fusion-RP Waters Symmetry Shield ™ 5 lm C18 and a FP 920 fluorescence detector (Jasco, GroßUmstadt, Germany). The excitation and emission wavelengths for compounds detection were set to 280 and 410 nm, respectively.
Histochemical analysis
Cross-sections (30 mm thick) of Arabidopsis stems were made with the Leica RM2155 microtome. For lignin staining, Arabidopsis stem cross-sections were made at the basal part of the inflorescence stem about 50 days after germination, and stained with 1% phloroglucinol (w/v) in 25% HCl for 5 min and observed under a light microscope.
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